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Abstract. Land surface models (LSM) have improved con-
siderably in the last two decades. In this study, the Interac-
tions between Surface, Biosphere, and Atmosphere (ISBA)
LSM soil diffusion scheme is used (with 11 soil layers rep-
resented). A simpliﬁed extended Kalman ﬁlter (SEKF) al-
lows ground observations of surface soil moisture (SSM) to
be assimilated in the multilayer LSM in order to constrain
deep soil moisture. In parallel, the same simulations are per-
formed using the ISBA LSM with 2 soil layers (a thin sur-
face layer and a bulk reservoir). Simulations are performed
over a 3yr period (2003–2005) for a bare soil ﬁeld in south-
western France, at the SMOSREX (Surface Monitoring Of
the Soil Reservoir Experiment) site. Analyzed soil moisture
values correlate better with soil moisture observations when
the ISBA LSM soil diffusion scheme is used. The Kalman
gain is greater from the surface to 45 cm than below this
limit. For dry periods, corrections introduced by the assim-
ilation scheme mainly affect the ﬁrst 15cm of soil whereas
weaker corrections impact the total soil column for wet pe-
riods. Such seasonal corrections cannot be described by the
two-layer ISBA LSM. Sensitivity studies performed with the
multilayer LSM show improved results when SSM (0–6cm)
is assimilated into the second layer (1–5cm) than into the
ﬁrst layer (0–1cm). The introduction of vertical correlations
in the background error covariance matrix is also encourag-
ing. Using a yearly cumulative distribution function (CDF)-
matching scheme for bias correction instead of matching
over the three years permits the seasonal variability of the
soil moisture content to be better transcribed. An assimila-
tion experiment has also been performed by forcing ISBA-
DF (diffusion scheme) with a local forcing, setting precipita-
tion to zero. This experiment shows the beneﬁt of the SSM
assimilation for correcting inaccurate atmospheric forcing.
1 Introduction
It is well known that land surface processes interact strongly
with the lower boundary of the atmosphere. In climate
and numerical weather prediction (NWP) models, surface-
interaction processes are represented by land surface mod-
els (LSMs). LSMs determine the partitioning of surface en-
ergy between sensible and latent heat ﬂuxes, which depend
on the quantity of water available in the root zone (Shukla
and Mintz, 1982; Koster and Suarez, 1995; Entekhabi et al.,
1999). The characterization of soil moisture in deep layers is
more important than for surface soil moisture as the superﬁ-
cial reservoir has a small capacity and no memory features.
Accurate estimates of root zone soil moisture are also im-
portant for many applications in hydrology and agriculture.
Therefore, the land dynamics need to be sufﬁciently accu-
rate. For example, a ﬁner discretization in the vertical soil
moisture and temperature proﬁles allows for a much better
description of the nonlinear behavior than two-layer or three-
layer models can provide (Reichle, 2000).
Considerable improvements have been made to the ini-
tial state of LSMs during the last decade by assimilating re-
motely sensed near-surface soil moisture data (Houser et al.,
1998; Crow and Wood, 2003; Reichle and Koster, 2005;
Balsamo etal.,2007). Interestin this was motivated by recent
advances in soil moisture remote sensing. Since the 1970s,
remote sensing has come to be accepted as a potential tool to
access soil moisture at different temporal and spatial scales.
Schmugge (1983) shows that the low-frequency microwave
range is suitable for measuring the water content of a shal-
low, near-surface layer. Numerous missions to map surface
soil moisture globally have been launched, such as ASCAT
(Advanced Scatterometer on board METOP, Wagner et al.,
2007), the Advanced Microwave Scanning Radiometer EOS
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(Earth Observation System)(AMSR-E sensor, Njoku et al.,
2003), and the Soil Moisture and Ocean Salinity (SMOS)
satellite (Kerr et al., 2001), or are scheduled for launch (Soil
Moisture Active Passive (SMAP) satellite, Entekhabi et al.,
2004). Moreover, the development of soil moisture retrieval
algorithms for preexisting microwave remote sensing mis-
sions (Wagner et al., 1999; Owe et al., 2001; Bartalis et al.,
2007) offers an opportunity to improve the realism of mod-
eled soil moisture. Several authors (Entekhabi et al., 1994,
Houser et al., 1998, Walker and Houser, 2001, Ragab, 1995
and Sabater et al., 2007 among others) have shown that com-
bining SSM measured by remote sensing and LSM sim-
ulations through a land data assimilation system (LDAS)
improves the modeled soil moisture content for deep lay-
ers and/or heat ﬂuxes (Pipunic et al., 2013). However, there
are considerable uncertainties associated with the use of re-
motely sensed soil moisture data. In particular, the extent to
which the near-surface soil layer represents the underlying
soil moisture proﬁle is not well understood.
Satellite data have to be calibrated and validated by ob-
servations in situ. The SMOSREX (Surface Monitoring Of
the Soil Reservoir Experiment) site located in southwest-
ern France was used for the algorithm validation of SMOS
(Saleh et al., 2006, 2007). Over this site, measurements of
soil moisture and temperature proﬁles, meteorological vari-
ables and brightness temperatures were obtained for 2003 to
2012(deRosnayetal.,2006).Remotesensingandinsitusoil
measurements are available over fallow and bare soil plots.
A number of studies have been conducted in recent years
to investigate the relevance of using variational and Kalman
ﬁltering to analyze soil moisture. In 2000, the German
Weather Service (Deutscher Wetterdienst) implemented a
simpliﬁed extended Kalman ﬁlter (SEKF) soil moisture anal-
ysis using screen-level parameter information (Hess, 2001).
Four years later, Balsamo et al. (2004) introduced an online
simpliﬁed two-dimensional variation (2D-VAR) method in-
stead of a SEKF to retrieve soil moisture. More recently,
Météo-France developed an ofﬂine SEKF to analyze soil
moisture in the SURface EXternalisée (SURFEX) system for
research applications (Mahfouf et al., 2009). For the German
and French models, the same approach of explicitly comput-
ing Jacobians in ﬁnite differences based on perturbed sim-
ulations is used. In 2010, a new LDAS based on a SEKF
was implemented at the European Center for Medium-Range
Weather Forecasts (ECMWF) in the global operational Inte-
grated Forecasting System (IFS) (de Rosnay et al., 2013).
In the present work, a SEKF is used to assimilate in situ
observations, gathered at SMOSREX over bare soil, into the
Interactions between Surface, Biosphere, and Atmosphere
(ISBA) LSM. Only the surface soil moisture (SSM) mea-
sured from the surface to 6cm depth at 06:00LST (Local
Standard Time) is assimilated in the LDAS, if the observa-
tion is available. This experimental setup is used to repre-
sent the daily assimilation of remote sensing data at dawn.
For example, SMOS has an ascending Equator crossing time
at 06:00 LST. Two versions of ISBA are used: the original
force restore scheme (Noilhan and Mahfouf, 1996) and a
more complex diffusion scheme using the Richards equation
(Decharmeetal.,2011).Hereafter,thetwoISBAversionsare
referred to as ISBA-2L and ISBA-DF, respectively. The im-
plementation of SEKF within ISBA-2L has been investigated
by several authors, such as Draper et al. (2011), Barbu et al.
(2011) and Albergel et al. (2010). In these studies, a two-
or three-soil-layer conﬁguration was used. Unlike ISBA-2L,
ISBA-DF (diffusion version) allows a ﬁne discretization of
the soil to be used (11 soil layers are considered). In this
study, a ﬁrst attempt is made to use the ISBA-DF in a data
assimilation experiment. This work focuses on a bare soil
site in order to isolate the thermal and water transfers in the
soil without any interference from processes related to the
vegetation, such as transpiration. Decharme et al. (2011) had
already studied differences between ISBA-2L and ISBA-DF
using SMOSREX data over the fallow site. The behavior of
these two LSMs over bare soil has not yet been compared.
The period under investigation extends over three contrasted
years from 2003 to 2005, including the 2003 drought. In ad-
dition, the role of bias correction in the assimilation is dis-
cussed regarding the mass balance in the root zone. Despite
the lack of a root zone in the bare soil, this term will be used
below to represent the total active soil depth.
The main objectives of this study are (1) to compare the
soil moisture simulations from ISBA-2L and ISBA-DF over
the bare soil, (2) to evaluate the role of the assimilation of
ground observations of SSM for these two LSMs and (3) to
investigate different conﬁgurations of ISBA-DF LDAS in
four sensitivity cases. The SMOSREX data, ISBA-2L and
ISBA-DF LSM and the SEKF algorithm are presented in
Sect. 2. Assimilation results and sensitivity studies are pre-
sented in Sect. 3 and discussed in Sect. 4. Section 5 summa-
rizes the main conclusions of the study.
2 Material and methods
2.1 The SMOSREX site and the soil moisture time
series
The SMOSREX long-term experiment (2001–2012) was
aimed at improving the modeling of land surface processes
in the context of the SMOS mission (de Rosnay, 2006). The
SMOSREX site is located in southwestern France (43◦230 N,
1◦170 E, at 188m altitude) and is divided into two parts: a
bare soil plot and a fallow plot. Soil moisture was measured
at depths of 0–0.06, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70,
0.80 and 0.90m every half hour. Soil probes were calibrated
from gravimetric measurements (Schmugge et al., 1980). A
weather station measured precipitation, 2m air temperature
and air humidity, 10m wind speed, atmospheric pressure,
and incoming solar and atmospheric radiation every 30min.
An L-band radiometer called LEWIS (Lemaître et al., 2004)
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measuring brightness temperature at two polarizations and
ﬁve different angles is also present at the SMOSREX site. In
this study, we focus on the bare soil plot. The percentage of
sand and clay observed from 0.1 to 0.90m depth for bare soil
on the SMOSREX site is displayed in Fig. 1a.
Only the years 2003, 2004 and 2005 were considered be-
cause, for the bare soil plot, the soil moisture data at depths
ranging from 0.20 to 0.90m are missing from 2006 onwards.
The surface soil moisture (SSM) measurements, i.e., from
the surface to 6cm, were used for assimilation and measure-
ments from 10 to 95cm were used for validation purposes.
In order to avoid frozen soil conditions, SSM observations
made when the surface temperature was below a threshold of
4 ◦C were discarded
2.2 Land surface models
The ISBA land surface model (Noilhan and Planton, 1989;
Noilhan and Mahfouf, 1996) describes the surface processes
in weather and climate applications. This model shows the
evolution of land surface state variables (surface and soil
temperatures, surface and root zone soil moisture content)
and the exchanges of heat and water between the low level at-
mosphere, the vegetation and the soil. In this study, the SUR-
FEX (SURFace EXternalisée) modeling platform (Masson
et al., 2013) version 7.2 containing the ISBA LSM was used.
SURFEX is designed for research and operational applica-
tions and includes several options of ISBA. In this study,
SURFEX is forced by local atmospheric observations and
runs without feedback between the surface and the atmo-
sphere (i.e., SURFEX is used ofﬂine). Moreover, to match
measurement levels, the total soil depth was set to 0.95m.
The two options of the ISBA LSM (ISBA-2L and ISBA-DF)
used in this study are summarized below.
2.2.1 ISBA-2L
The ISBA-2L version of SURFEX is based on the force re-
store approach, according to Deardorff (1977). This LSM is
used in the operational NWP models at Météo-France. The
soil is composed of two layers, the ﬁrst layer being repre-
sented by a skin soil top layer 1cm thick and the second
by a bulk reservoir. The ﬁrst layer is used to compute the
SSM and soil evaporation while the second layer is used to
compute the total soil moisture and contributes to the evap-
otranspiration (Boone et al., 1999). Mahfouf and Noilhan
(1996) introduced a representation of gravitational drainage.
In the force restore equations, the soil moisture dynamics de-
pend on several thresholds – saturation (wsat), wilting point
(wwilt), and ﬁeld capacity (wfc). These parameters are related
to the soil textural properties (Mahfouf and Noilhan, 1996).
Inthiswork,wfc andwwilt werederivedfromtheclaycontent
observations and set to 0.30 and 0.17m3 m−3, respectively.
wsat was derived from the sand content observations and set
to 0.45m3 m−3. The modeled surface soil moisture and root
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
D
i
s
c
u
s
s
i
o
n
P
a
p
e
r
|
Fig. 1. a) Sand and clay soil proﬁle (in %) measured at the SMOSREX bare-soil site. b) Soil proﬁle
model used with ISBA-DF. The depth of each layer is given in meters. Red dots are places where soil
moisture observations were made.
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Fig. 1. (a) Sand and clay soil proﬁle (in %) measured at the
SMOSREX bare soil site. (b) Soil proﬁle model used with ISBA-
DF. The depth of each layer is given in meters. Red dots are places
where soil moisture observations were made.
zone soil moisture are referred to hereafter as w1 and wtot,
respectively.
2.2.2 ISBA-DF
The ISBA-DF LSM is a new ISBA version including a
soil multilayer diffusion scheme (Decharme et al., 2011),
which explicitly solves mass and heat-diffusive equations.
The ISBA-DF soil hydrology uses the “mixed” form of the
Richards equation to describe the water mass transfer within
the soil via Darcy’s law. Moisture and temperature proﬁles
can be computed according to the vertical soil texture proper-
ties. Computations are performed using the SMOSREX soil
texture displayed in Fig. 1a. In ISBA-DF, unlike in ISBA-2L,
thesoilmoisturedynamicsdonotdependonthespeciﬁcation
of a volumetric ﬁeld capacity. In this study, 11 soil layers
were considered, corresponding to the locations of observa-
tion instruments at the SMOSREX site. Figure 1b shows the
soil discretization used in the ISBA-DF LSM and the place-
ment of each probe. The node of each ISBA-DF soil layer
correspondstothedepthofeachprobe:0.10,0.20,0.30,0.40,
0.50, 0.60, 0.70, 0.80 and 0.90m. Close to the surface, two
layers were considered: 0–0.01 and 0.01–0.05m. Hereafter,
soil moisture in the nth layer is denoted by wn and the total
soil water wtot is the weighted average of wn.
2.3 The simpliﬁed extended Kalman ﬁlter
In this section, the classical notations of data assimilation
proposed by Ide et al. (1997) are used. The equation for the
ith model state forecast and update at time step ti is
xb(ti) = Mi−1

xa(ti−1)

. (1)
The equation for the ith state analysis, occurring at time ti is
xa(ti) = xb(ti) + Ki

yo
i − Hi
h
xb(ti)
i
, (2)
where x indicates the model state and y0 is the observa-
tion vector. The superscripts a, b and o indicate the analysis,
the background and the observations, respectively. Analysis
increments are the difference between the analysis and the
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background. M is the nonlinear forecast model and H is the
nonlinear observation operator. Both in ISBA-2L and ISBA-
DF, the observation vector is y0 =(SSM). The model state
vector is different following the LSM used:
xISBA-2L = [w1, wtot] (3)
xISBA-DF = [w1, w2, w3, w4, w5, w6, w7, w8, w9, w10, w11]. (4)
The observations occurred 24h after the analysis time and
H includes a 24h integration of the forecast model (Draper
et al., 2011). The available observations are assimilated at
06:00LST. The Kalman gain is given by
Ki = Bi HT
i
 
Hi Bi HT
i + Ri
−1
, (5)
where the Jacobian matrix H is the linearization of H and
HT its transpose. H is obtained using a ﬁnite difference ap-
proach,individuallyperturbingeachcomponentxj oftheini-
tial model state x at time t0 by a small amount δxj. The Ja-
cobian is expressed as the difference of the prognostic states
between perturbed and reference runs at the end of the assim-
ilation interval at time ti, divided by the initial perturbation:
H =
H
 
x + δxj

− H(x)
δxj
. (6)
For all the experiments, the perturbation size is set to
0.001m3 m−3. Mahfouf et al. (2009) have shown that these
very small perturbations lead to good approximations of the
linear behavior of the observation operator. The Jacobian val-
ues are computed with a daily time step (ti −t0 =24h). The
examination of the Jacobian matrices is important for un-
derstanding the data assimilation performance. B and R are
the covariance matrices of the background and observations
errors, respectively. The SEKF does not cause B to evolve
through a forecast cycle, unlike the traditional EKF. Draper
et al. (2009) found that, for assimilating near-surface soil
moisture into ISBA LSM, the analyzed soil moisture gen-
erated by the EKF and the SEKF were not substantially dif-
ferent. This result is explained by the fact that the increase in
the background error during each forward propagation step
is balanced by the decrease in the error during the analysis
step and the difﬁculties of specifying the Q matrix (model
error). Moreover, Sabater et al. (2007) suggested that, at the
SMOSREX location, a ﬁxed background error was more ac-
curate and stable than an evolving background error.
The performance of an analysis scheme depends on the
use of appropriate statistics for background and observation
errors. For all the experiments, the observation standard de-
viation error for SSM was set to 0.02m3 m−3. This error is
consistent with that chosen by Sabater et al. (2007) at the
SMOSREX site.
In the ISBA-2L assimilation experiment, B was a diagonal
matrix with the standard deviation errors σw1 and σwtot set to
0.02 and 0.005m3 m−3, respectively. The ratio between σw1
and σwtot was equal to one used by Albergel et al. (2010).
Concerning ISBA-DF, the experiments were carried out
using a B diagonal matrix with the same background stan-
dard deviation error σwn along the diagonal (0.015m3 m−3)
except that σw1 was set to 0.02m3 m−3. The values were
adjusted to obtain results not too different from those with
ISBA-2L results on average. This representation of the B
matrix considers that the soil layer errors are not correlated.
However, in ISBA-DF LSM, the layers are linked through
diffusive equations. Thus, errors in a given layer should af-
fect the others. Several experiments described below used
a tri-diagonal Btri-diag matrix in order to propagated error
through the adjacent layers. The Btri-diag matrix is expressed
as
Btri-diag =

 

 
 

σ2
w1 ασw1 σw2 0 0 0
ασw2 σw1
...
...
... 0
0
... σ2
wn
... 0
0
...
...
... ασw10 σw11
0 0 0 ασw11 σw10 σ2
w11


 
 
 

(7)
where the correlation term α is empirically set to 0.5.
Numerous studies (Reichle and Koster, 2004; Pellarin
et al., 2006; Rüdiger et al., 2007) have shown the necessity
to rescale data before assimilating in situ or satellite-derived
soil moisture in order to reduce systematic biases between
the model and observations. In this study the cumulative dis-
tribution function (CDF)-matching technique proposed by
Reichle and Koster (2004) is used for all the experiments and
described in Sect. 3.1.
2.4 Design of the experiments
The land surface models were not calibrated. In the case of
ISBA-2L, the average of the observed soil texture proﬁle is
used (i.e., 20.0% of clay and 45.3% of sand) to derive ﬁeld
capacity, wilting point and saturation parameters. In the case
of ISBA-DF, the measured proﬁles of soil texture (Fig. 1a)
and soil density are prescribed to the model. The value of the
ﬁeld capacity parameter is not prescribed in ISBA-DF.
Six assimilation experiments were undertaken. The ﬁrst
two were performed using ISBA-2L and ISBA-DF. Here-
after, these experiments are referred to as 2L and DF-REF,
respectively. The DF-REF conﬁguration was chosen to be as
close as possible to the 2L conﬁguration: the observations
concerned the surface soil moisture (0–1cm) equivalent and
the B matrix was assumed diagonal for both experiments.
Then, starting from the DF-REF experiment, several mod-
iﬁcations to the LDAS were considered. The experiment DF-
H2 assimilated SSM into the second soil layer (1–5cm) in
order to better represent the SSM observations gathered be-
tween 0 and 6cm. Next, the experiment DF-B used a non-
diagonal Btri-diag matrix in order to account for the error cor-
relations in adjacent soil layers, as described in Sect. 2.3.
In addition, a bias correction technique performed be-
fore assimilation was included in the experiment DF-CDF. It
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Table 1. Description of the ISBA-DF experiments. Bold face indicates changes in the assimilation experiments with respect to ISBA-DF
reference experiment (DF-REF).
Experiment name Assimilation B matrix CDF Local
precipitation
DF-REF layer 1 diagonal three years yes
DF-H2 layer 2 diagonal three years yes
DF-B layer 1 non diagonal three years yes
DF-CDF layer 1 diagonal yearly yes
DF-NP layer 1 diagonal no no
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Fig. 2. a) SSM observations (0-6cm), (b) w1 modeled by the ISBA-2L LSM, (c) w1 and (d) w2 simulated
by ISBA-DF LSM frequency distribution at the SMOSREX site during 2003-2005
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Fig. 2. (a) SSM observations (0–6cm), (b) w1 modeled by the ISBA-2L LSM, (c) w1 and (d) w2 simulated by ISBA-DF LSM frequency
distribution at the SMOSREX site from 2003 to 2005.
allowed the impact of the temporal window chosen for data
rescaling to be studied.
The last experiment, DF-NP, evaluated the beneﬁt of as-
similation in the case where ISBA-DF LSM was forced with
alocalforcing,whichsettheprecipitationtozero.Theroleof
the assimilation in LSM in compensating for a less accurate
forcing will be shown below. In this experiment, the back-
ground state was not as reliable as in previous experiments
since there was no precipitation. In this case, the background
error σwn was increased by a factor of three (Albergel et al.,
2010) and no bias correction was performed.
The CDF matching was performed for all the experiments
(2L, DF-REF, DF-H2, DF-B and DF-CDF) in order to reduce
systematic biases between the observations and the model,
except for the DF-NP experiment. In the DF-NP experiment,
CDF matching could not be performed because the open loop
was too distant from the observations. For the other experi-
ments, a CDF matching over the whole three-year period was
performed. Additionally, the inﬂuence of the CDF matching
on the analysis was studied with the DF-CDF experiment. In
this experiment, the CDF matching was performed per year
rather than over the whole three-year period.
The characteristics of the experiments are listed in Table 1.
2.5 Assessment of the day-to-day variability of SSM
In order to better capture the day-to-day variability of w1,
the seasonal cycle was removed by calculating monthly w1
anomalies (Albergel et al., 2009). The difference to the mean
was calculated for a sliding window of ﬁve weeks (if there
were at least ﬁve measurements during this period), and the
difference was scaled to the standard deviation. For each soil
moisture w1 estimate at day (i), a period F was deﬁned, with
F =[i, 17d, i +17d] corresponding to a ﬁve-week window.
The anomaly is dimensionless and is given by
Rano =
w1(i) − w1(F)
Stdev(w1(F))
. (8)
The Rano values were computed for both open-loop and anal-
ysis simulations, as described in Sect. 2.4.
3 Results
3.1 CDF-matching technique
The histograms of the distributions of SSM observed at the
SMOSREX site, and w1 modeled by ISBA-2L and ISBA-DF,
are displayed in Fig. 2 for the 2003–2005 period. Note that
SSM observations are measured between 0 and 6cm depth.
The SSM observation distribution has two modes. The ﬁrst
corresponds to observed values smaller than 0.17m3 m−3
and represents 29% of the population. The second mode
concerns observed values greater than 0.17m3 m−3 and rep-
resents 71% of the population. The smallest SSM observa-
tion value is equal to 0.04m3 m−3 whereas the largest value
reaches 0.43m3 m−3. The w1 value modeled by ISBA-2L
also presents two modes. A large fraction of the w1 pop-
ulation (40%) has values smaller than 0.18m3 m−3, while
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Fig. 3. Time series of SSM observations (black dots), w1 modeled (red lines) and SSM observations
rescaled after CDF matching (blue lines) for ISBA-2L (top) and ISBA-DF (bottom).
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Fig. 3. Time series of SSM observations (black dots), w1 modeled (red lines) and SSM observations rescaled after CDF matching (blue lines)
for ISBA-2L (top panel) and ISBA-DF (bottom panel).
60% of the population has values larger than this value. The
smallest value of modeled w1 is 0.04m3 m−3. The largest
value of w1 computed by ISBA-2L is 0.37m3 m−3. Con-
cerning w1 computed by ISBA-DF, the histogram of the
distribution does not present two modes. The w1 modeled
with ISBA-DF has a lower dynamical range than the ob-
servations. The smallest value of w1 modeled with ISBA-
DF is 0.08m3 m−3 and the largest is 0.35m3 m−3. The val-
ues of w2 computed by ISBA-DF have a weaker dynamic
range than w1 simulated by the same LSM. However, two
modes are present. The ﬁrst mode contains 54% of the pop-
ulation for values lower than 0.24m3 m−3 and the second
mode represents 46% of the population. The smallest value
ofthemodeledw2 is0.014m3 m−3,whereasthelargestvalue
reaches 0.36m3 m−3.
The CDF matching proposed by Reichle and Koster
(2004) was used in order to remove the bias between the ob-
servations and the modeled w1. This bias correction scheme
modiﬁes the observations in order to make their statistical
distributionclosertotheonefromthemodel.Forthis,athird-
order polynomial ﬁt is computed. Following Scipal et al.
(2008), a large statistical sample needs to be considered to
obtain a robust bias correction scheme.
The results of the CDF matching performed over this pe-
riod for ISBA-2L and ISBA-DF are shown in Fig. 3. Ob-
servations rescaled with ISBA-2L and ISBA-DF do not ex-
ceed 0.34 and 0.35m3 m−3, respectively. The CDF matching
plays an important role during wet and dry periods and thus
reduces the seasonal dynamics by decreasing the SSM values
in winter and increasing them in summer.
The rationale for the application of the bias correction is
that this study is a ﬁrst step towards the assimilation of satel-
lite data in ISBA-DF at regional and/or global scales. The
methodology described in this paper could be used in future
satellite data assimilation studies as the models were not cal-
ibrated for this site (a priori parameters are used). In such
a context, systematic errors between the observations and
the model have to be reduced. In situ observations are as-
similated and, as explained above, systematic errors between
in situ observations and model values are actually observed.
The CDF-matching technique is used to reduce systematic
errors.
3.2 Assimilation experiments
3.2.1 2L experiment
Simulations performed without data assimilation are called
“open-loop” simulations. Figure 4 shows the time series of
w1, wtot and observations for the open-loop and the analy-
sis simulations over the period 2003–2005. The annual w1
is generally well reproduced by the model. In winter, the
modeled w1 are smaller than the observed values, except
for the winter of 2005. The daily cycles and the rainfall re-
sponses are overestimated. The greatest differences between
the open-loop and the analysis simulations concern the win-
ter and spring of 2003 and 2004. For 2003, the analysis val-
ues are higher than the open-loop values. The contrary is
seenfor2004.Nomarkeddifferencesbetweenopen-loopand
analysis simulations are observed for 2005. The temporal be-
havior of the wtot is well represented except for the drought
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Table 2. w1 open-loop and analysis scores (r, RMSE, SDD and bias) computed over the 3yr period. Statistical scores are performed with
rescaled observations.
Experiment r Rano RMSE SDD Bias
(m3 m−3) (m3 m−3) (m3 m−3)
Open-loop
2L 0.69 0.46 0.066 0.054 −0.016
DF-REF 0.79 0.60 0.055 0.055 −0.003
Analysis
2L 0.74 0.46 0.052 0.037 0.015
DF-REF 0.87 0.62 0.032 0.028 −0.004
DF-CDF 0.90 0.61 0.029 0.025 −0.004
DF-H2 0.87 0.62 0.033 0.020 −0.013
DF-B 0.88 0.62 0.031 0.016 −0.004
DF-NP 0.86 0.69 0.038 0.021 −0.016
Fig. 4. 2L time series of open-loop simulation (red line), analysis simulation (blue line) and SSM observations at the SMOSREX site (black
dots) for 2003–2005: in the surface layer (a) and in the total reservoir (b). The units are in m3 m−3.
of 2003. During the 2003 heat wave, the open-loop simula-
tion shows larger soil moisture content values than were ob-
served. The assimilation reduces the bias, allowing a better
match with observations in this period. During the summers
of 2004 and 2005, the assimilation tends to decrease the soil
water content.
Several statistical scores (correlation coefﬁcient r, root
mean square error (RMSE), standard deviation difference
(SDD) and bias (model minus observations)) for the open-
loop and the analysis w1 simulations over the 3yr period are
summarized in Table 2. Over the 3yr period, the w1 analysis
simulation is better correlated with the observations than the
w1 open-loop.
The annual open-loop and analysis statistical scores for
wtot are given in Fig. 5. Assimilating SSM slightly increases
the correlation coefﬁcient and decreases the RMSE.
The Jacobian terms ∂w1(t)
∂w1(t0) and ∂w1(t)
∂wtot(t0) in the ﬁrst thin
layer and in the bulk reservoir are illustrated in Fig. 6. Gener-
ally, the Jacobian terms have positive values. Zero and small
negative values are also found, which represent 39 and 15%
of the Jacobian terms for w1 and wtot, respectively. Over the
2003–2005 period, 14 and 13% of the Jacobian terms ∂w1(t)
∂w1(t0)
and ∂w1(t)
∂wtot(t0), respectively, are strictly equal to zero. Null Ja-
cobian values indicate that neither w1 nor wtot is sensitive to
SSM assimilation. During wet periods, the Jacobian term for
w1 is equal or close to zero. For dry soils, SSM assimilation
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Fig. 5. Yearly and 3yr period statistical scores for wtot analysis for experiments presented in Table 1 and 2L experiment. O.L. means
open-loop simulations.
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Fig. 6. Time evolution of the two Jacobian terms of ISBA-2L in (top) the ﬁrst layer and (bottom) the
bulk reservoir.
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Fig. 6. Time evolution of the two Jacobian terms of ISBA-2L in the ﬁrst layer (top panel) and the bulk reservoir (bottom panel).
over a 24h window does not modify the behavior of w1. The
mean values of the Jacobian term with respect to w1 and wtot
are 0.15 and 0.51, respectively. Over a 24h window, the im-
pact of the SSM assimilation is higher in the bulk reservoir
than in the ﬁrst layer. This ﬁnding is consistent with previous
studies, e.g., by Draper et al. (2009) and Mahfouf (2010).
3.2.2 DF-REF experiment
Figure 7 shows w1 open-loop and analysis time series for
DF-REF together with observations for 2003–2005. The sta-
tistical scores for w1 open-loop and analysis simulations over
the 3yr period are listed in Table 2. The w1 simulations per-
formed with and without assimilation are better correlated
with observations for ISBA-DF than ISBA-2L. Moreover,
for both open-loop and analysis simulations obtained with
ISBA-DF, the day-to-day variability is reduced compared
to ISBA-2L simulations. This effect tends to decrease the
RMSE by 17 and 38%, respectively, for the open-loop and
analysis simulations computed by ISBA-DF relative to those
simulated by ISBA-2L. Moreover, it is found that the anal-
ysis simulation slightly improves Rano in the case of ISBA-
DF (0.62 against 0.60) and has no impact on this score in
the case of ISBA-2L (0.46 for both open-loop and analysis
simulations).
The yearly wtot open-loop and analysis time series are
shown in Fig. 7. The statistical scores are displayed in Fig. 5.
For both open-loop and analysis simulations, the annual cy-
cles are well represented by ISBA-DF and the statistical
scores outperform those obtained by ISBA-2L. On the one
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Fig. 7. DF-REF time series of open-loop simulation (red line), analysis simulation (blue line) and SSM observations at the SMOSREX site
(black dots) for 2003–2005: in the surface layer (a) and in the total reservoir (b). The units are in m3 m−3.
hand, unlike the ISBA-2L simulations, the open-loop simu-
lation reproduces the 2003 drought well and a perfect match
with observations is noted during summer 2004. On the other
hand, the open-loop root zone soil moisture is underesti-
matedin2005incontrasttotheISBA-2Lresults.In2003,the
root zone soil moisture obtained after assimilation is closer
to the observed values than that in the open-loop results. Dur-
ing the spring of 2004 and 2005 and the summer of 2004, the
SSM observations are drier than the model counterpart val-
ues,evenafterCDFmatching.Thisresultsinalargedecrease
in surface soil moisture content after assimilation.
Figure 8 shows the w1 open-loop and analysis for four dif-
ferent layers i: layer 2 (1–5cm), layer 4 (15–25cm), layer 6
(35–45cm)andlayer8(35–45cm).Forw2 andw4,theopen-
loop and analysis represent the annual cycle well. After as-
similation, w2 and w4 are better correlated with observa-
tions and the bias is smaller for the w2 analysis than for the
open-loop by 0.004m3 m−3. Concerning w6 and w8, the an-
nualcycleisoverestimatedcomparedtotheobservations.For
the whole year 2005, open-loop and analysis w6 and w8 are
found to be very dry. The same behavior is observed during
the summer of 2004. From layer 7 (−45cm), assimilation
decreases the statistical scores slightly.
The Jacobian, the Kalman gain K and analysis incre-
ments permit the performance of the data assimilation to be
evaluated. Figure 9 shows the time evolution of the Jacobian
terms ∂w1(t)
∂wn(t0), the Kalman gain and the increments for each
layer n.
The largest Jacobian values are obtained for the layers 2
and 3 (i.e., depths of 1–15cm). The mean Jacobian values for
these layers are 0.19, 0.28 and 0.15, respectively. For deeper
layers, the mean Jacobian value is lower than 0.10. The as-
similation does not play an important role in the ﬁrst layer
or in layers 5 to 11. During wet periods, the Jacobian in the
full soil column is small but not strictly equal to zero. The
Kalman gain behaves similarly. During dry periods, the in-
formation from the surface does not penetrate very deeply
into the soil (less than during wet periods). However, the in-
formation from the surface affects the top layers of the soil
(1–15cm) more intensely than during wet periods. The Jaco-
bian values (Fig. 9) show a decoupling of surface layers from
deeper layers during dry periods, in relation to lower values
of the hydraulic conductivity. From the Kalman gain value,
and in contrast to 2L, the LDAS does not perform correc-
tions over the total soil column but in individual layers that
vary with the seasonal cycle. Note that the sum of the Jaco-
bian values in each layer is, on average, close to the average
of the sum of the Jacobian in the two layers used in 2L.
The analysis increments allow the impact of the data as-
similation on the water mass balance to be investigated.
During the summers of 2003 and 2005, only the ten ﬁrst
centimeters of soil are sensitive to the assimilation. For the
www.hydrol-earth-syst-sci.net/18/673/2014/ Hydrol. Earth Syst. Sci., 18, 673–689, 2014682 M. Parrens et al.: Assimilation of surface soil moisture into a multilayer soil model
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Fig. 8. Time series of soil moisture observations (black dots), soil moisture open-loop (red lines) and
soil moisture analysis (blue lines) for four layers: (top) layer 2: 1-5cm, (top middle) layer 4:15-25 cm,
(bottom middle) layer 6: 35-45 cm and (top) layer 8: 35-45 cm.
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Fig. 8. Time series of soil moisture observations (black dots), soil moisture open-loop simulation (red lines) and soil moisture analysis
simulation (blue lines) for four layers: layer 2: 1–5cm (top row), layer 4: 15–25cm (second row), layer 6: 35–45cm (third row) and layer 8:
35–45cm (bottom row).
whole year 2004, 73% of the increments are negative. As
a result, the assimilation tends to remove water in most in-
stances. For example, from January to May 2004, the incre-
ments are essentially negative. In layers 1 to 5 (from the sur-
face to −35cm), 87% of the increments are different from
zero. For deeper layers, the fraction of non-zero increments
decreases, to reach 35% for the last layer.
3.3 Sensitivity studies in ISBA-DF
In this section, results of the four experiments presented in
Table 1 are examined.
3.3.1 Second soil layer assimilation
The SSM observations are measured between the surface and
6 cm depth. In contrast to the previous experiments, DF-H2
wascarriedoutinordertoassimilateSSMinthesecondlayer
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Fig. 9. Representation of the Jacobian (top), the Kalman gain (middle) and increments (bottom) provided
of the SSM assimilation for DF-REF. Soil layer depths (in cm) are represented in y-axis and the time is
represented in x-axis.
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Fig. 9. Representation of the Jacobian (top panel), the Kalman gain (middle panel) and increments (bottom panel) provided by the SSM
assimilation for DF-REF. Soil layer depths (in cm) are represented on the left-hand side y axis and time is represented on the x axis.
of ISBA-DF. The depth of this layer (1–5cm) is closer to the
observation depth. CDF matching is performed between w2
and the observations over the 3yr period to remove system-
atic biases.
Statistical scores of w1 analysis for the 3yr period are dis-
played in Table 2. Over time, the assimilation in the second
layer tends to decrease the RMSE of the w1 with respect to
the DF-REF. However, the correlation coefﬁcient of w1 com-
puted by DF-H2 is weaker than that simulated by DF-REF.
Yearly statistical scores of wtot are shown in Fig. 5. The
RMSE of root zone soil moisture is slightly smaller for the
analysis using DF-H2 than DF-REF. Over the full period, as-
similating SSM in the second layer decreases the bias by
84% compared to DF-REF. The non-zero increments in-
creaseby3%fordeeperlayers(−35to−95cm)withrespect
to the reference experiment. For layers 1 to 5, no signiﬁcant
impact is observed.
Figure 10 shows the time evolution of w2 open-loop and
the Jacobian term ∂w2(t)
∂w2(t0) for DF-H2 and ∂w1(t)
∂w2(t0) for DF-REF.
For both experiments, the Jacobian is larger during dry pe-
riods than during wet periods. In the wet season (winter)
and for rainy events, the Jacobians are very low, indicating
that initial soil moisture perturbations are lost during the 24h
model integration. In such situations, the soil moisture in the
ﬁrst two layers is therefore mostly driven by the atmospheric
forcing. As seen in Fig. 10, the Jacobian ∂w1(t)
∂w2(t0) is more sen-
sitive to rainfall events when the SSM is assimilated in the
ﬁrst layer than in the second layer. Since the second layer is
less impacted by the atmospheric forcing than the ﬁrst layer,
assimilating the observations in the second layer overcomes
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Fig. 10. Time evolution of w2 using ISBA-DF LSM in the second layer (green line) and the Jacobian
values (blue line): (top)
∂w1(t)
∂w2(t0) in DF-REF and (bottom)
∂w2(t)
∂w2(t0) in DF-H2.
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Fig. 10. Time evolution of w2 using ISBA-DF LSM in the second layer (green line) and the Jacobian values (blue line): ∂w1(t)
∂w2(t0) in DF-REF
(top panel) and ∂w2(t)
∂w2(t0) in DF-H2 (bottom panel).
the effect of rainfall events and allows more information to
be extracted.
3.3.2 The choice of the B matrix
Experiment DF-B was undertaken with the Btri-diag matrix in
order to propagate model error in adjacent layers. The statis-
tical scores of w1 analysis over the 3yr period are displayed
in Table 2. Compared to DF-REF, a slight increase in the
correlation coefﬁcient and a decrease in RMSE are observed.
The SDD falls by 42% relative to the reference experiment.
Yearly statistical scores of wtot analysis are shown in Fig. 5.
Statistical scores of DF-REF and DF-B are close.
TheBtri-diag matrixhasanimportantimpactontheKalman
gain. Figure 11 shows the difference between the Kalman
gain computed by the assimilation in DF-B and DF-REF.
Adding correlation terms to the B matrix increases the
Kalman gain values from 1 to 35cm depth and for deeper
layers during wet periods. For these layers during dry peri-
ods, the Kalman gain is strictly zero in DF-REF. Over the
3yr period, the mean Kalman gain values increase by 27%
in the DF-B relative to DF-REF.
An assimilation experiment with a ﬁve-band B matrix was
also performed to increase vertical correlations (not shown).
The statistical scores of wtot analysis over the 3yr period
were close to those obtained with DF-B. However, the av-
erage Kalman gain values increased by 21% with respect to
DF-B.
3.3.3 Impact of the CDF matching on the water mass
balance
In this section, the impact of CDF matching on the water
mass balance is investigated. CDF matching per year is com-
puted in the experiment DF-CDF but not in DF-REF. A third-
order polynomial ﬁt is computed for each individual year.
Figure 12 shows the CDF for the SSM observations, mod-
eled w1, and SSM rescaled observations for 2003, 2004 and
2005. Generally, CDF matching reduces the dynamical range
of the observations. Concerning 2003, only the largest val-
ues are reduced. For 2004, dry SSM observations (below
0.30m3 m−3) are increased to match to the modeled w1. The
same feature is seen for 2005: the observation values are aug-
mented until 0.27m3 m−3 and reduced for dry values. CDF
matching performed over the 3yr period is also shown in
Fig. 12. The SSM CDF in 2003 and 2004 do not have the
same features as the CDF performed over the three years.
Therefore, rescaled SSM in 2003 and 2004 will be different
from SSM rescaled with the CDF matching performed over
the 3yr period.
The w1 analysis statistical scores performed with DF-CDF
are displayed in Table 2. The correlation of w1 increases by
14% with respect to the open-loop simulation. Compared to
DF-REF w1 analysis, a slight increase (3%) of the correla-
tion coefﬁcient is noted. The RMSE decreases by 47% with
respect to the open-loop simulation and by 10% relative to
w1 analysis simulation computed with DF-REF.
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Fig. 11. Difference of the Kalman Gain provided by the SSM assimilation in DF-B and DF-REF. Soil
layer depths (in cm) are represented in y-axis and the time is represented in x-axis.
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Fig. 11. Difference of the Kalman gain provided by the SSM assimilation in DF-B and DF-REF. Soil layer depths (in cm) are represented on
the left-hand side y axis and time is represented on the x axis.
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Fig. 12. CDF-matching between w1 modeled with ISBA-DF LSM and SSM observations for 2003,
2004, 2005 and the 3-yr period.
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Fig. 12. CDF matching between w1 modeled with ISBA-DF LSM and SSM observations for 2003, 2004, 2005 and the 3yr period.
Over the 3yr period, the correlation coefﬁcient, RMSE,
SDD and bias values of the wtot analysis are 0.90, 0.052,
0.052 and −0.006m3 m−3, respectively. A slight increase of
thestatisticalscoresisnotedwithrespecttoDF-REF(Fig.5).
The main difference between DF-REF and DF-CDF is ob-
tained during 2004 where the RMSE of wtot decreases by
13%.
The increments provided by the assimilation scheme us-
ing CDF matching per year are shown in Fig. 13. For 2005,
no signiﬁcant differences are observed. However, for 2003
and 2004, differences between increments obtained with DF-
REF and DF-CDF are clear. Using an annual CDF allows
the water mass balance to be conserved in the root zone. For
example, in 2003, water from the root zone is removed be-
tween January and April in DF-CDF whereas water is still
added during the same period in DF-REF. The same fea-
ture is observed during the full year of 2004: water in the
soil is systematically removed in several consecutive months
in DF-REF but in DF-CDF, signiﬁcant water amounts are
added. Moreover, using annual CDF matching improves the
simulation of the root zone soil moisture for the years when
the SSM distribution is very different from the average SSM
distribution.
3.3.4 Forcing without precipitation
Removing precipitation from the forcing permits the beneﬁt
of the SSM assimilation to be evaluated when the forcing is
not accurate. No CDF-matching technique is used over the
assimilated SSM. The statistical scores of w1 analysis are
shown in Table 2. The statistical scores are improved com-
pared to those of DF-REF. For example, the correlation co-
efﬁcient is increased by 9% and the RMSE is decreased by
43% with respect to the open-loop reference experiment.
The statistical scores computed per year for wtot analysis
aredisplayedinFig.5.Despitethelackofprecipitationinthe
forcing, statistics are close to the DF-REF open-loop simu-
lation. Good statistical results are due to the increase in the
background error in DF-NP with respect to DF-REF.
Time series of the root zone soil moisture with and with-
out assimilation for the experiment DF-NP are shown in
Fig. 14. Without precipitation, wtot simulated by the open-
loop goes down while the analysis simulation maintains the
annual cycle.
From an operational point of view, the SSM assimilation
in ISBA-DF LSM allows forcing uncertainties to be over-
come, even though the current test was performed in extreme
conditions.
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Fig. 13. Representation of daily increments (m3.m−3) provided by the SSM assimilation in DF-CDF
with a year per year CDF matching. Soil layer depths (in cm) are represented on the y-axis and time on
the x-axis
.
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Fig. 13. Representation of daily increments (m3 m−3) provided by the SSM assimilation in DF-CDF with a per year CDF matching. Soil
layer depths (in cm) are represented on the left-hand side y axis and time on the x axis.
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Fig. 14. Time series of root zone soil moisture observations (black dots), soil moisture open-loop simu-
lation (red lines) and soil moisture analysis simulation (blue lines) computed with the expriment DF-NP.
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Fig. 14. Time series of root zone soil moisture observations (black dots), soil moisture open-loop simulation (red lines) and soil moisture
analysis simulation (blue lines) computed with the experiment DF-NP.
4 Discussion
The ISBA-2L LSM is used for operational NWP predictions
at Météo-France and has been widely studied. At the mo-
ment, unlike ISBA-2L, ISBA-DF is a new LSM that is start-
ing to be tested and is used only for research applications.
SoilmoisturecomputedbyISBA-DFisbettercorrelatedwith
observations than that simulated by ISBA-2L. This result
is consistent with the ﬁnding of Decharme et al. (2011) on
the fallow part of the SMOSREX site. Over the 3yr period,
an improvement in terms of statistical scores is found for
both w1 and wtot when simulated by ISBA-DF rather than
ISBA-2L.
The SSM assimilation improves the modeling of w1 and
wtot for the two LSMs. In 2L, corrections introduced by
the assimilation affect the whole root zone. This feature
is not realistic, particularly for a bare soil surface (Draper
et al., 2009). The propagation of SSM information to deeper
soil layers is consistent with the water transfer physics in
ISBA-DF. The assimilation does not have the same impact
on the soil moisture content at different soil depths. For
example, during dry periods, corrections introduced by the
LDAS are located at depths between 1 and 15cm. Weaker
corrections were found to impact the total soil column dur-
ing wet periods.
As seen in the previous sections, for all the experiments
carried out with ISBA-DF LSM, the assimilation of SSM
has little impact in the ﬁrst layer (0–1cm). For example, the
mean Jacobian ∂w1(t)
∂w1(t0) for DF-REF is equal to 0.034 in the
ﬁrst layer. In contrast, the mean Jacobians ∂w1(t)
∂w2(t0), ∂w1(t)
∂w3(t0) and
∂w1(t)
∂w4(t0) are larger than 0.1. In the case of ISBA-DF, small Ja-
cobian values are obtained for the top soil layer. Due to the
small size of the w1 reservoir (1cm), the dynamics of the ﬁrst
layer is driven by the atmospheric forcing to a large extent.
Moreover, in the experimental setup, the length of the assim-
ilation window is 24h. Over this time period, the impact of
the initial conditions is reduced by the atmospheric forcing.
Similar results were found with DF-H2 with small values of
the Jacobians in the ﬁrst layer. This result is in agreement
with a recent study by Medina et al. (2012), also showing a
weak impact of the Kalman ﬁlter in the ﬁrst layer.
Accounting for vertical correlations in the background er-
ror covariance matrix, Btri-diag, of the SEKF scheme tends to
decrease the RMSE of w1. Despite an increase in Jacobian
and Kalman gain values, no signiﬁcant improvement to the
Hydrol. Earth Syst. Sci., 18, 673–689, 2014 www.hydrol-earth-syst-sci.net/18/673/2014/M. Parrens et al.: Assimilation of surface soil moisture into a multilayer soil model 687
analysis of wtot has been noticed. In future studies, it would
bedesirabletoworkwithanEKFschemeinsteadofanSEKF
to beneﬁt from the evolution of the B matrix. An evolutive B
matrix would take the vertical correlation errors into account
better. However, more research needs to be done to improve
the speciﬁcation of model errors. Assimilating SSM in the
second layer appears to be more physically meaningful.
After assimilation of SSM in the second layer, the bias of
wtot analysis is small. Over the 3yr period, DF-H2 appears
to be the best experiment in terms of RMSE and bias.
Numerous studies have proposed to rescale the observa-
tions before assimilating them into an LSM. Several authors
have performed CDF matching over the entire period of in-
terest (Reichle and Koster, 2004), whereas others have used
seasonal-based CDF matching (Barbu et al., 2014; Draper
et al., 2009). As shown in Sect. 3, using CDF matching per
year constrains the mass balance better, essentially for 2004.
In southwestern France, the yearly SSM distribution is very
different from one year to another and global CDF match-
ing erases the interseasonal variability of the model dynam-
ics. Yearly CDF matching is advocated for reanalysis sys-
tems even though it is not suitable for real time monitoring
or forecasting.
Other assimilation studies at the SMOSREX site were
performed in order to improve the root zone soil moisture
(Sabater et al., 2007; Albergel et al., 2010). Unlike this study,
they were focused on the fallow part of the SMOSREX site.
Over the bare soil, the root zone dynamics and the response
to rainfall events are larger than over the fallow area. In this
study, similar results to those of Sabater et al. (2007) and
Albergel et al. (2010) were found using the 2L model.
5 Conclusions
This study investigated the assimilation performances of two
versions of the land surface model ISBA: (1) ISBA-2L with
a soil composed of two layers and (2) ISBA-DF with a soil
divided into 11 layers. This work was carried out on the
SMOSREX bare soil site during the period 2003–2005. This
was a ﬁrst attempt to explore the potential of assimilating
SSM using an SEKF over France with ISBA-DF. Regarding
open-loop simulations, w1 and wtot simulated by ISBA-DF
outperformed those computed by ISBA-2L.
The largest impact of the SSM assimilation with ISBA-DF
concerns the ﬁrst 45cm of soil. For dry periods, the SSM as-
similation plays an important role from the surface to 15cm
whereas, during wet periods, weak corrections are applied
for the entire soil column. These seasonal variations cannot
be represented with a single bulk layer in the root zone. For
the ﬁrst time, the evolution of the Jacobian terms, the Kalman
gain and the increments with depth have been examined.
The best improvement of wtot analysis was obtained by
assimilating SSM in the second layer. This result shows the
beneﬁts of working with a multilayer LSM. Assimilating
the SSM in the second layer and adding vertical correla-
tion errors are recommended for future research. Yearly CDF
matching leads to a better conservation of the water mass bal-
ance in the root zone and is encouraged for data reanalyses.
This work shows the potential to improve the soil mois-
ture in the deep layers by assimilating SSM in ISBA-DF.
This study will be extended to the whole of France by assim-
ilating satellite-derived SSM such as ASCAT and SMOS. In
addition, the assimilation of brightness temperature from the
L band radiometer LEWIS in ISBA-DF would be interesting.
Theimpactontheothertermsofwaterbalance(surfaceevap-
oration and runoff) was not examined because of the lack of
suitable observations over the bare soil plot of SMOSREX.
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